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ABSTRACT
The goal of the project is to design and build a photocalorimeter capable 
of carrying out photostability testing in the pharmaceutical industry. A 
current challenge is to develop methods of testing the photostability of 
solid materials which are non-invasive, non-destructive and allow real 
time observations to be made. Calorimetry represents one such method.
Solution-phase systems are relatively straight-forward and have been 
applied to calorimetry for many years requiring few assumptions about 
the reaction system under study to be made. Previous studies have 
developed iterative methods to fit experimental data to established 
calorimetric equations. A new approach allowing the direct calculation 
of reaction parameters is described in chapter two.
For solids, the situation is more complicated than that for solutions and 
equations are more difficult to develop since additional parameters (such 
as the solid state fitting parameters m and ri) have to be accommodated. 
New theoretical approaches to data fitting in the solid state are also 
described in chapter two,
Having previously established that the imidazole-catalysed hydrolysis of 
triacetin reaction is robust and reliable, new applications, such as the 
effect of fill-volume on the calorimetric output and thus the reaction 
parameters, are described in chapter three in preparation for use of the 
system on solid state systems.
Chapter four describes the design and development of the 
photocalorimeter, together with improvements and modifications made 
to it as the project progressed, whilst chapter five describes the 
development of actinometric techniques. An actinometer provides a 
means of measuring the amount of light-energy being delivered to a 
target sample. Actinometric techniques are described in the literature and 
studies carried out on candidates for use with the photocalorimeter are 
outlined. Particular success was achieved with 2-nitrobenzaldehyde,
where results within 2% error were achieved for the actinometric 
experiments.
The final stage of the project involves the application of the newly- 
developed photocalorimeter to the testing of solid samples such as 
nifedipine.
Studies were carried out both on the photodegradation caused by white 
light and also using monochromatic light. This allowed "causative 
wavelengths" of photodegradation to be investigated using the 
photocalorimeter - a significant area of interest in the pharmaceutical 
industry and the first time quantitative data has been obtained for a solid 
state material using non-classical techniques.
Finally, studies were carried out into establishing the photostability of an 
unknown solid state test material.
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1. Introduction and Overview of Problem
The goal of the project described herein is to design and build a photocalorimeter that 
can carry out photostability testing in the pharmaceutical industry.
One of the biggest problems encountered in the pharmaceutical industry is that of 
developing suitable test methods for the photostability testing of pharmaceutical 
materials in the solid state.
Consider the advancement through the various stages of testing of a new 
pharmaceutical entity.
A raw active ingredient molecule straight out of the discovery lab has to undergo a 
rapid screening process to determine whether or not it is a candidate for development, 
i.e. formulation. Subsequently, upon formulation, a method is required to establish the 
stability of the drug over long periods of time, often under "accelerated" test 
conditions (e.g. high temperatures and high relative humidity). Such tests necessarily 
include photostability studies.
Current test methods for photostability often involve the use of a "light box", where 
the sample is subjected to high-intensity light for a known period of time. This method 
is not ideal, however, since obtaining of stability data cannot be carried out hi real- 
time.
Consider a solid sample which has been tested in a light box for two months, hi order 
to obtain stability data, the sample must be removed from the light box and some of it 
dissolved to allow solution-phase testing (e.g. using high performance liquid 
chromatography, HPLC). The irradiation of the sample that remains from the analysis 
described above then recommences but the ideal of real time testing and data 
collection without altering the nature of the sample has been lost.
Calorimetry presents an alternative method of photostability testing, that is non- 
invasive, non-destructive and allows real-time observation of the progress of a 
reaction.
Solution-phase systems are relatively straight-forward and easy to model and have
1 Q ____
been applied to calorimetry for years. " The only requirements are knowledge of the 
reaction rate constant, k; the reaction enthalpy, //and the order of reaction, n which is
11
Chapter I - Introduction and Overview of Problem
always an integral figure (for the individual reactions contributing to the overall 
mechanism)
However, when solids undergo reaction, not necessarily all of the material will react. 
The initial reaction is carried out at the surface but any subsequent reaction depends 
upon the diffusion into and out of the solid. In many solid systems, this diffusion 
process is so slow that the system can be described as being in equilibrium once the 
superficial reaction has taken place and the assumption that all the material will react 
given sufficient time cannot be used.
A certain degree of complexity can therefore be expected, with the fractional extent of 
reaction, a, the reaction co-efficient k (in s'1 ) and the non-integral fitting parameters, m 
and n all needing to be dealt with. Consequently, solid state reactions are complicated 
to model and the equations not as straight-forward as those that describe solution- 
phase systems, although many have been developed in the literature. 9" !!
Currently, no reaction system has been adopted as a solid state test reaction. In order 
for the project to progress, a validation system for the calorimeter in the solid state 
must be developed. In the same way that the triacetin reaction was only adopted as 
solution-phase validation method once suitable equations to manipulate the data had 
been developed (see below), a solid-state validation reaction can only be suggested 
once the theory has been established.
Theoretical development is described in chapter two and is based on the Ng equation, 
10 developed for dealing with reactions in the solid state.
Solution-phase equations have been applied to calorimetry for many years. N8 One 
such example is the application of the imidazole catalysed hydrolysis of triacetin; a 
reaction that has been adopted 12 as an internationally-recognised test reaction for 
calorimeters, allowing values for k, H and n to be obtained which can then be 
compared with "correct" values found in the literature. 13 ' 14 Previously, an iterative 
method was applied to obtain the parameters but as a result of recent theoretical 
developments which are discussed in chapter two, these parameters can now be 
calculated directly. 15 ' 16 Chapter three outlines the studies carried out using the 
triacetin reaction. After establishing the reaction as a suitable method of calorimeter 
validation, studies are then described establishing the minimum fill volume of
12
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triacetin required, 1? within an ampoule, to obtain reproducible results together with 
the optimum position for a small sample within an ampoule. In each case, the results 
obtained are compared with the "correct" literature values.
The results of these experiments using the triacetin reaction are important when it 
comes to photocalorimetric studies on solid state samples. For such studies, only small 
amounts of a solid material will be tested and small amounts of heat produced since 
reactions might only occur on the surface of the solid. It is therefore important to 
approach solid state experiments with a knowledge of the optimum test conditions for 
the calorimeter, as established by the triacetin experiments described above.
Having developed equations to analyse reactions in the solid state and having 
designed and built the photocalorimeter (described in chapter four) the next stage of 
the project is to investigate the methods available for measuring the amount of light 
delivered to a sample. Without such a method, only qualitative information about a 
photodegradation reaction can be obtained. There are several actinometric methods
1 Odescribed in the literature, the traditional method of the photoreduction of 
potassium ferrioxalate is one example. 19' 20 Experiments with potassium ferrioxalate 
are described in chapter five, along with the investigation into an alternative 
actinometric method - the photodegradation of 2-nitrobenzaldehyde. 21> 22 
Additionally, a study was carried out into the use of a spectroradiometer as an 
alternative to the two actinometers and the results compared.
The final stage of the project is to apply the photocalorimeter, which has been 
validated and quantified, to "real-life" solid state systems. The example studied in the 
project is nifedipine, a photolabile solid and is described in chapter six. This chapter 
also describes the work carried out in the use of the photocalorimeter to analyse 
"causative wavelengths" of solid-state materials; a particular topic of interest 
industrially.
13
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1.1 The Stability of Compounds and the Determination of Stability
All matter is in a constant state of change. Even the most long-lasting of materials is 
under attack from various external forces. Examples of such forces include chemical 
degradation (e.g. oxidation, hydrolysis and reduction), mechanical degradation (e.g. 
shearing, compression and stretching), acoustical and thermal degradation. All forms 
of degradation cause materials to have only a relatively short lifetime and it is 
important that degradation rates can be established so that new or modified products 
can be designed to resist these external forces. The measurement of degradation 
processes allows one to establish the rate of reaction and hence identify acceptable 
limits of shelf life.
There are many issues associated with current methods of stability testing for drug 
products and formulations. Storage testing of drugs involves rigorous long-term 
studies to ensure that pharmaceutical materials remain stable. For example; is a three 
year old tablet sitting in a medicine cabinet still exactly the same drug it was originally 
or have long-term instabilities lead to the formation of a toxic derivative of the 
original? Knowledge of a drug's stability over twenty or thirty years would require 
expensive and impractical testing procedures if carried out in real time. To allow 
production of pharmaceuticals over a shortened timescale, therefore, storage testing is 
accelerated wherever possible - often at higher temperatures (e.g. 50 or 60°C) over a 
few months and extrapolation of the data to allow estimation of the response to storage 
at room temperature over many years. However, these storage methods assume that 
instability processes at 25°C are no different from those at 50°C except for reaction 
rates; this may not be a true representation of long-term "real life" conditions.
These methods of testing also commonly require the stored sample to be modified in 
some way prior to testing. A solid-state sample that undergoes UV or HPLC testing, 
for example, is necessarily made into a solution and this may exhibit totally different 
properties from the original solid-state system.
Current methods employed for the photostability testing of pharmaceuticals have 
limitations. The inability to collect long-term stability data in real-time as a 
photoreaction proceeds is a major drawback. The current method of photostability 
analysis involves taking a series of "snapshots" of the substance under test via
14
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established analytical methods such as mass spectrometry, HPLC and NMR. These 
snapshots are then drawn together to provide information on the photodegradation 
process taking place. Performing these analyses, however, often causes the natural 
state of the substance to be altered (as described above) and also means that the 
photostability test will most likely have to be restarted with a fresh sample. Such a 
process is costly in terms of manpower and expense and may require large amounts of 
a potentially very rare and expensive product under development.
Current methods also offer limited versatility in terms of changing experimental 
conditions during a run. Changing the humidity, temperature and the light conditions 
the material under test is exposed to is not easy with the majority of current test 
methods. Industry is increasingly showing interest in investigating individual or bands 
of wavelengths, that cause photodegradation within a chemical entity. This means that 
traditional test methods that offer only white light or a blanket wavelength range of 
light are increasingly found wanting.
It has been a challenge, therefore, to discover a general method of analysis that allows 
the determination of the cause as well as the rate of degradation (including 
photodegradation) for a wide range of materials both in the solid and solution phase. 
Identifying an instrument that could be used for the reaction analysis that can yield 
information on the kinetic and thermodynamic parameters and the reaction mechanism 
has proved difficult. It must be versatile enough to measure reaction rates for a variety 
of compounds, with sufficient sensitivity to allow the determination of these 
parameters under storage conditions in a short space of time. (This is particularly true 
for long slow reactions where the reaction lifetime may be 10000 years). Many 
analytical instruments exist capable of carrying out this type of reaction rate 
determination 23 ~29 although each of these instruments has been designed for one 
particular task and so their sensitivities vary. Mass spectrometry 23 for example, is 
used as a means of quantitative analysis, although its high sensitivity is a limitation 
since it can only analyse a fraction of the reaction system which may not be truly 
representative of a non-homogeneous sample.
Calorimetry exploits the fact that a change in enthalpy accompanies a reaction under 
constant pressure conditions. A calorimeter therefore records changes in heat output of 
a sample over time and can yield both thermodynamic and kinetic parameters. 
Willson et al. 1 ' 4 " 8 ' 13 ' 15> 16 ' 30 " 35 and subsequent workers have developed equations and
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methods to yield such information and these are discussed in chapter two. The 
development and subsequent application of calorimetric equations, instrumentation 
and experience has since allowed the development of photocalorimetric studies. The 
development of validation techniques, equations and apparatus is described later in 
this thesis.
It is therefore proposed to design and build a novel photocalorimeter that can be used 
in conjunction with existing commercially available calorimeters that addresses the 
requirements outlined above.
16
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2. The Principles of Calorimetry
A pioneer in the field of calorimetry was Lavoisier, who in 1780 developed a 
calorimeter to study the metabolism of a guinea pig which was placed in an insulated 
box packed with ice. The guinea pig's enthalpy of metabolism melted the ice and the 
resulting water dripped into a small hole in the bottom of the calorimeter. The water 
was then collected and weighed. From knowledge of the latent heat of fusion, in 
joules, required to form that amount of water from ice, then the value of Q (the 
enthalpy) was determined. Knowing the body-weight of the guinea pig, the change of 
enthalpy for metabolism could then be found in J kg 1 and finally, if the amount of 
water collected was measured every hour, then the rate of metabolism could be 
measured as Jfr'kg'1 .
At the end of the experiment, the guinea-pig was released from the box and scuttled 
away; a reminder that calorimetry is a non-invasive and non-destructive technique.
Many types of calorimeter are now commercially available. For this project, an 
isothermal differential heat conduction microcalorimeter was employed.
The "Thermal Activity Monitor" (TAM) (Thermometric AB, Jarfalla, Sweden) is a 
calorimeter which combines versatility and sensitivity 36 . The sensitivity allows the 
study of compounds at ambient temperatures but also allows the reaction environment 
to be precisely controlled (e.g. pH, RH (relative humidity), oxygen partial pressure, 
addition of reaction modifiers and temperatures etc). The sensitivity is also sufficient
to allow the determination of a reaction lasting 10000 years. The difference between 
reactions with first order rate constants of 1 x 10"n and 2 x 10" 11 s'1 can be established 
after the collection of fifty hours l of calorimetric data. No special treatment of the 
sample is needed before the measurement commences, nor is there any interference
with the reaction by the calorimeter
18
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2.1 The Isothermal Microcalorimeter
The isothermal calorimeter (i.e. the TAM) has four separate channels which allows 
four different experiments to be performed simultaneously at the same temperature. 
Each channel has a reference chamber (right-hand side) and a sample reaction 
chamber (left-hand side). The TAM works in differential mode, where a material 
considered to be inert is placed in the reference chamber and the sample placed in the 
adjacent chamber. The relative heat flow between the heat sinks of the two chambers 
is measured where the inert sample essentially produces no calorimetric signal. All 
channels in the TAM are set within a water bath whose temperature is carefully 
controlled using a series of thermostats and heaters.
Control panel
Digital display
Holes for 
additional 
calorimetric 
units
Calorimetric 
unit
Water bath 
Water bath 
circulating 
pump
Water bath 
temperature 
control unit
Sample
measuring
cup
Heat sink
Calibration 
heater
Heat exchanger 
coil (for 
flow mode)
Reference 
measuring cup
Thermopile 
arrays
ntermediate 
heat sink
Figure 2.1.1 The Isothermal Microcalorimeter
Exploded view of the system... (fig 2.1.1 a) ...anda calorimetric unit (fig 2.1.Ib)
Figure 2.1.2 shows a cutaway of one of the four chambers inside the TAM. The 
sample to be analysed is lowered into the central chamber and a signal is produced as
19
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the heat from the reaction flows from the reaction site to the heat sink or from the heat 
sink to the reaction site, depending on whether there is an endo or exo-thermic 
reaction taking place.
Sample Vessel
Figure 2. 1.2 The heat sink, consisting of an aluminium block and a precisely controlled water bath 
surrounds the sample vessel. The thermopile connects the sample vessel to the heat 
sink and can accurately measure the flow of heat through the system
The heat flow (thermal power, dq/dt = 0 ) for a reaction, measured in Watts monitored 
by the calorimeter is measured as a function of time (where q is the enthalpy change 
for the reaction at any time t). On integration of the power-time curve, the heat output 
for a reaction over the observed period of measurement can be obtained, i.e. the 
enthalpy for the reaction. The experimental setup allows solid or solution-phase 
experiments to be studied and, in addition, the environmental conditions can be 
controlled. An alternative to using ampoules in the calorimetric chambers is specific 
devices commercially available to apply to the TAM such as titration units and RH 
perfusion units. 86 Information about the reactants involved in the reaction may also 
come from experimental design, where the removal of oxygen, for example, may 
identify an oxidative reaction. Experiment design, therefore, is very important so that 
the maximum amount of information about the reaction may be gained.
Two types of data are obtained from the calorimeter. Heat flow (kinetic term) and a 
reaction time dependent enthalpy change (thermodynamic term). The calorimeter
20
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records enthalpy change, in joules. For solution-phase systems, if the whole reaction 
can be observed within the calorimetric observation period, i.e. until the reaction has 
gone to completion the change in enthalpy for the reaction (in kJ) can be calculated 
simply as;
Q=A.H Eqn 2.1.1
where A is the amount of readable material placed in the TAM (mol) 
and H is the enthalpy of reaction (kJmol' 1 )
However, where A or Q is unknown, the determination of enthalpy change becomes 
more difficult using the calorimeter. (Q can, in principle, be detected by the 
integration of the entire output - although A may not be known).
For any reaction A ^ B, the progression from its initial to subsequent state can 
only proceed if there is a reaction pathway available, i.e. a least one defined route 
from A to B. This pathway is often complex and there are three requirements of a 
reaction to be able to proceed;
Firstly, the molecule or substance reacting must have the ability to interact (i.e. has the 
correct chemical bonds etc in the correct orientation to allow an interaction).
Secondly, the reaction must be thermodynamically feasible. The value of the Gibbs 
Function (the most important thermodynamic parameter in the reaction) is determined 
by two terms; the reaction entropy and the reaction enthalpy. All changes in the 
reaction going from A to B must be accompanied by a change of enthalpy and a 
change in entropy. A reaction route going from A to B depends on the changes in 
entropy (AS) and enthalpy (AH) and is defined as the Gibbs Function (AG, which must 
< 0), Equation 2.1.2:
AG = AH-TAS Eqn 2.1.2
From now onwards, these symbols will be written G, H and S for clarity.
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In enthalpy terms, an exothermic reaction, -H, is favoured when going from reactant 
to product; whilst in entropy terms, the reaction favours an increase in disorder +S in 
going from reactant to product. It is obvious that the most favourable case is for an 
exothermic reaction with increased entropy. However, a reaction with a large enough 
+S can outweigh the contribution to the reaction of a positive enthalpy (endothermic) 
term and vice versa. A negative value of G indicates a feasible reaction 
thermodynamically, whilst a positive value of G indicates the reaction will not occur 
under the defined conditions.
No information on the rate of reaction term or the mechanism can be obtained from 
equilibrium thermodynamics. Between very fast and very slow reactions, there is an 
observable reaction rate, which can, in principle, be measured.
Thirdly, the reaction requires some kinetic parameter. The reaction rate is governed by 
three main parameters. The quantity of reactants available for the reaction, the fraction 
of the quantity available for the reaction with sufficient energy to overcome the energy 
of activation barrier, and the reaction order, n, Equation 2.1.3:
dx
  =k.(A-x)n Eqn 2.1.3
at
The term (A-x) is the quantity of material available for reaction at time /. &, the rate 
constant, is described by the Arrhenius Equation (Equation 2.1.4) and is proportional 
to the quantity of reactants (A-x) that possess sufficient energy to overcome the 
activation energy barrier.
~Ea
RT k=A.e Eqn 2.1.4
where A is the pre-exponential factor 
-Ea is the activation energy 
R is the gas constant
and T is the temperature (K)
22
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Note that the quantity term, A, can be converted to a concentration term by 
multiplying by the volume of solution under test ( V}. This term has been omitted for 
clarity.
Note also that the rate of reaction (Equation 2.1.4) has a dependency on temperature, 
which is provided solely from the rate constant. Finally the order of reaction («) is a 
power function and is related to the contribution that the reactant has to the reaction 
rate. e.g. if the order of reaction is one then the rate of reaction is proportional to the 
quantity of reactant available; Rate a (A-x). However, if the order of reaction is two, 
then the rate of reaction is proportional to the quantity of material available for the 
reaction squared. Rate a (A-x)2 The overall reaction order is the sum of the order with 
respect to the individual reaction components. The order of reaction is not the 
molecularity of the reaction.
Hence a reaction going from A to B must possess a reaction mechanism and be 
thermodynamically and kinetically observable. Once these three criteria have been 
met, the reaction will proceed.
In 1995, Willson et al. 30 improved the versatility of the interpretation of the 
calorimetric data to obtain reaction kinetics through a process of iteration (described 
later in this chapter). Previously it had been a requirement that the data was forced to 
conform to a simple kinetic equation 38 ~ 40 such as Equation 2.1.5;
Y=f.exp~kt Eqn2.1.5
where Y is the calorimetric signal
/is the calorimetric signal at time t = 0
k is the first order rate constant 
and / is the time
Plotting In power as a function of time yields a graph of slope -k (the first order rate 
constant)
23
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These methods of analysis, which were used up until 1995, have severe limitations in 
that they are not sufficiently general, nor do they yield information which allows 
complete characterisation of the reaction. Willson et al. therefore sought a new 
method of analysis that was more general and could yield kinetic, thermodynamic and 
other required parameters The method should also require no previous knowledge 
about the reaction mechanism, assumptions about the reaction kinetic scheme or the 
complexity of a reaction.
Resulting from their work, Willson et al. presented, in 1995, a new method for the 
interpretation of calorimetric data that, when applied in the correct way, revealed more 
information from the data. The approach adopted for data manipulation and the 
method of interpretation are perfectly general and can be applied to solution and solid 
phase reactions. (See later in this chapter) From this new method, the reaction 
parameters that can be determined are; the rate of reaction, the reaction rate constant, 
the change in enthalpy, the reaction order and the heat change for the reaction medium 
studied (0.
24
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2.2 The Significance of the defined Calorimeter Parameters
Each of the parameters determined from the calorimeter has a contribution to make to 
the determination of the rate and mechanism of the reaction. The reaction mechanism 
can be deduced, in part, from the reaction order, the activation energy, the change in 
enthalpy and entropy, the quantity of material reacted and the experimental design (to 
a lesser degree).
The reaction order will determine the dependency that the rate of reaction has on the 
reaction components. The determination of the reaction order with respect to the 
individual reactants will yield the dependency of the reaction rate on the individual 
reactants. An estimation of the change in enthalpy could be made from bond energy 
tables and compared with the experimental change in enthalpy. (It is recognised that 
bond energies relate to gas phase species and not to solution or solid phase species). 
Similar comparisons could be made from charts of entropy changes and activation 
energies; these tables are not available for a wide range of reaction types.
A direct comparison for the rate of all reactions, regardless of their reaction order, can 
be made in terms of the percentage of reaction over a specified time period. 
Knowledge of Q, that can now be calculated from the method to be outlined later in 
this chapter can lead to a determination of the percentage degradation of a substance;
Q
x 100 = % degradation Eqn2.2.1QT
And using this measurement, Table 2.2 shows the percentage degradation over 
different time periods that can be used for the classification of reaction rates. This 
Table can be simplified arbitrarily further into fast, medium and slow reactions.
25
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Table 2.2
First order rate 
constant (s' 1 }
1 x 10"2
1 x 10"3
IxlO"4
1 x 10"5
1 x 10"6
1 x 1Q-7
1 x 10"8
1 x lO'9
1 x ID' 10
1 x lO' 11
Half Life
69 sec
693 sec
1 .9 hours
19.25 hours
8 days
11.5 weeks
2.2 years
22 years
222 years
2207 years
Reaction Rate
> 1% s" 1
l%s"'
30% hour' 1
3. 5% hour' 1
8% day' 1
5.8% week' 1
2.4% month" 1
3% year"1
0.3% year" 1
0.03% year" 1
Fast
> Medium
Slow
Rate constants for reactions with different orders can be compared by the percentage of reaction at 
a particular time. These can be further classified as fast, medium and slow reactions.
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2.3 The analysis of Calorimetric Data
To address the issues described in the previous chapter, many approaches of data 
analysis can be taken: A new method of calculating reaction parameters directly will 
follow later in this chapter, whilst Willson et al. in 1995 developed an iterative method 
for calorimetric data that would allow the calculation of reaction parameters necessary 
for the characterisation of a reaction.
The method consists of various approaches for the manipulation of data. The rate of 
reaction largely determines which method of analysis should be used. A reaction can 
be deemed as being fast, medium or slow (Table 2.2). For a reaction where a proper 
characterisation is required in terms of kinetic and thermodynamic parameters, the 
method of analysis had, up until recently, involved solely iteration. This method 
depends on the assumption that all of the material placed in the calorimeter will react 
given sufficient time.
If a reaction is long and slow and it is assumed that A, the amount of material placed 
in the material that can react is known, then the rate constant k, the enthalpy of 
reaction H and the order of reaction n can be established through the iterative process. 
However, for faster reactions where a plot of the power output of the calorimeter, 0 
versus time t shows significant curvature then n may possibly be derived directly from 
the data without the need for iteration. The newly-found value of n can then be 
inserted back into the iterative fitting procedure and used to reduce the burden of 
iteration on the remaining parameters k and H.
The iterative theory is discussed in this chapter. However, it is important to note that 
knowledge of n does not enable the direct calculation of A: and H.
To verify the correctness of the iterative fit, various tests are available and have been 
applied which involve plotting, for example, 0 versus (Q-q) which yields a slope 
equal to k-H1 '" . Such tests are also described in this chapter.
The iterative analysis is derived from a differential form of a kinetic equation 
describing a reaction scheme. This equation describes the rate of reaction in terms of 
the quantity of material available for the reaction at time /. Integration of the reaction 
describes the quantity of material remaining as a function of time.
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Consider a simple reaction scheme where the differential kinetic equation can be 
discussed:
A x Eqn 2.3.1
Hence
<fr d(A-x)
dt ~ dt
Eqn 2.3.2
And it is this type of equation that can be transformed into one in calorimetric form.
If we consider, for example, a mono-molecular kinetic equation such as that in 
Equation 2.3.3;
dx_
= k-(A-x)" Eqn 2.3.3
then from basic thermodynamics, (q) the time dependent enthalpy change for the 
reaction is the quantity of material reacted to time /, multiplied by the change in 
enthalpy for the reaction;
q=x.H Eqn 2.3.4 
and x, the amount of product formed, can be substituted for by q /Hto give;
dq \ (
-- = *. .,-* | Eon 2.3.5
This equation can be rearranged to form the basic calorimetric equation;
28
Chapter 2 - The Principles of Colorimetry
0 = k -H\ A --\ Eqn 2.3.6 
V n J
where, for clarity, the volume term, V is dropped and A becomes the quantity of 
reactable material as opposed to the concentration, as was the case in Equation 2.3.5 
above. 0 is the power (in Watts) and q is the time-dependent enthalpy (Joules) for the 
reaction.
The calorimetric data, which comes directly from the TAM is in the form of <Z> 
(power) as a function of time. Integration of the 0 vs. time curve gives the time- 
dependent enthalpy for the reaction (q). Hence both the power (0) and the time- 
dependent enthalpy change (q) terms found in Equation 2.3.6 can be derived directly 
from the calorimeter.
Slow Reactions - Calorimetric Data Fitting
If a reaction is slow, n can be determined through iteration.
In the general equation;
n
0 = k-H\A- \ Eqn 2.3.6
it can be seen that the two variables, 0 and q, are both obtained directly from the 
calorimeter. Since k, H, A and n are constant they will remain the same for the 
lifetime of the reaction (assuming the mechanism is constant throughout the lifetime 
of the reaction) and analysis involves fitting the plot of 0 against q using Origin .
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The data is imported as an ASCII file from which a graph is plotted of 0 vs. q to find 
appropriate values for n, k and H (A is assumed known and is set equal to the load 
placed in the calorimeter). An appropriate reaction formula is selected (e.g. Equation 
2.3.6) and the iteration procedure started. Through iteration k, H, and n can be 
determined, with constraints on their values to ensure a good fit. The first constraint is 
that Q = A. H. The second constraint is that plotting dq/dt against (Q-q)n will yield a 
straight line with slope LH1 '" The third constraint is that the calculated half life is 
consistent with that obtained from extrapolation of the calorimetric data.
Initially, the iterative procedure can be assisted by adding approximate values for the 
fixed parameters in the fitting process to reduce the burden of iteration. The computer 
then uses these values to plot a line through the calorimetric data points and the 
theoretical curve determined from the values of the constants of the equation. The 
programme continues to fit until the value of the constants satisfy the required values 
to construct a simulated output through the calorimetric data points.
Fast to Medium Reactions - Calorimetric Data Fitting
In faster reactions than those described above, there may be significant enough 
curvature of the plot of <Z> versus t to determine n from the calorimetric data without 
the need to iterate.
Calculation of n
Consider the equation below:
k-H{ ~"-(Q-q)n Eqn2.3.7
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Table 2.3
Determination of Q
01/02 =

2.4 The Direct Calculation of Reaction Parameters
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2.4.2 Temperature Studies
Theory
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4. Photocalorimetry: History and Instrument Development
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5. Actinometry
5.1 Chemical Actinometry

5.1.1 The Photodegradation of under white light
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